We report 15 N nuclear magnetic resonance ͑NMR͒ and the nitrogen-isotope effect studies on c-axis oriented sample of Li-doped HfNCl with superconducting transition temperature T c ϳ25.5 K.
The molecular based compounds have attracted a great deal of attention because of their structural flexibility and intriguing physical properties. For instance, in fullerene systems the insulating compounds after intercalation with alkalimetal ions become metallic conductors accompanied with the expansion of the lattice constant and show superconductivity at remarkably high T c up to 33 K ͑Ref. 1͒ for noncuprate materials.
␤-HfNCl is a layered molecular semiconductor, where the Cl-͓HfN͔-͓NHf͔-Cl slabs stack along c axis with a band gap of ϳ4 eV. [2] [3] [4] Li atoms are cointercalated with THF ͑tetrahy-drofuran; C 4 H 8 O) molecules into the weak van der Waals gap between the Cl layers and the bulk superconductivity of Li x (THF) y HfNCl appears in the doping contents of 0.13Ͻx Ͻ0.98 and yϳ0. 3 . The basal plane spacing d increases from 9.23 Å of ␤-HfNCl to 18.7 Å of Li 0.48 (THF) 0.3 HfNCl ͑Li-HfNCl͒.
2 T c is almost constant (ϳ25.5 K) up to xϳ0.5 but gradually decreases to ϳ24.4 K toward xϳ1. 3 A simple estimate from the valency implies a low-carrier density system, i.e., ϳ10 21 cm Ϫ3 . An issue whether the superconductor having a low-carrier density in the vicinity of insulating phase is conventional or not comes into question because the electronic properties might be quite different from that in usual metals.
The electronic structure of HfNCl is dominated by a quasi-two-dimensional band derived from strong hybridization of planer hafnium 5d xy , 5d x 2 Ϫy 2 with nitrogen 2p x , 2 p y orbitals. [6] [7] [8] Band structure calculations suggested that this system is a weakly correlated electron system. [6] [7] [8] Such two dimensionality of the electronic states was actually confirmed by experimental studies. 9, 10 In order to explain the high T c ϳ25.5 K, the exchange of optical phonons, due to light nitrogen ions with the characteristic frequency of ϳ600 cm Ϫ1 , between carriers might be a possible mechanism of the high T c superconductivity in Li-HfNCl. Such an optical phonon mechanism is believed to be realized in A 3 C 30 (A is an alkali metal͒ 1 and recently discovered MgB 2 . [11] [12] [13] In these materials, a substantial carbon 14, 15 or boron 16 isotope effect was observed, strongly supporting the phonon mechanism. As for hafnium nitrides, on the other hand, the theoretical calculation by Weht et al, predicted that the electron-phonon coupling strength of HfNCl is too small to gain T c ϳ25.5 K within the phonon mechanism including the optical phonon mechanism. 8 Meanwhile, electronic mechanisms such that the pairing interaction is mediated by the exchange of plasmons between carriers have been studied from a viewpoint of layered structure, in which the screening of the Coulomb interaction is very different from that of three dimensional materials. 17 , 18 Bill and co-workers have provided an explanation that the high T c in hafnium nitrides is possible to be realized by the aid of the acoustic plasmon exchange between carriers in addition to the optical-phonon exchange. Anyway, further experimental and theoretical examinations are required.
The aim of the present paper is to ͑1͒ clarify the symmetry of the Cooper pairs from 15 N-NMR and ͑2͒ elucidate the nature of its superconductivity from 15 N isotope effect experiments. Here, NMR Knight-shift studies for superconductors provide directly the orbital symmetry of the Cooper pairs associated with the pairing interaction. Isotope effect studies give us an important clue to judge whether it is conventional superconductivity or not.
For conventional phonon mediated superconductors, we have the versatile prescription for T c given by McMillan, 19 and Allen and Dynes:
where ͗ ph ͘, ep , and * are the typical phonon energy, electron-phonon coupling constant, and the Coulomb pseudopotential, respectively. A relation of Eq. ͑1͒ and mass independent ep yields 19
where M is the mass of the element and ␣ the isotope shift If the superconductivity of Li-HfNCl is mediated by the phonon mechanism, the isotope exchange from 14 N to 15 N is expected to bring about sizable change in T c , such as C 60 superconductors 14, 15 and MgB 2 . 16 In general, however, it is necessary to check whether or not the N site is intrinsic in the pairing. One aspect of this judgement is 15 N-NMR Knightshift ͑K͒ study, where the isotropic part of the Knight shift (K iso ) provides information on the local Fermi-level density of states at an interesting atomic site through the Fermi contact hyperfine interaction. 22 NMR Knight-shift studies therefore bring about not only the important information on the pairing symmetry, but also local electronic state at nitrogen site.
The 15 N-enriched ␤-HfNCl was prepared by the method using a sealed glass tube; 3 99%
15 N-enriched ammonium chloride ͑Isotech Inc., Ohaio͒ was vacuum sealed with hafnium metal powder with a molar ratio of 1.05:1 in silica glass tubes, which were first heated at 450°C for one day. Then as-prepared 99%
15 N-enriched ␤-HfNCl was purified for five days by a chemical transport technique using a furnace with a temperature gradient of 750-850°C. 3 The preparation of Li and THF cointercalated samples of ␤-HfNCl was described elsewhere. 2, 3 Obtained samples were compressed into a pellet under a pressure of 1.5 kbar in argon atmosphere. 3, 9 The THF content was determined to be y ϭ0.3Ϯ0.05 by thermogravimetric analysis. We prepared four oriented pellets, No.1 ( 5,9 The static magnetic susceptibility was measured using a commercial superconducting quantum interference device magnetometer ͑MPMS, quantum design͒. The NMR experiments were carried out at Tokyo Metropolitan University using a conventional pulse NMR spectrometer with a magnetic field of ϳ94 kOe ͑JMTC-400/89 with field homogeneity of 10 Ϫ2 ppm/h) . In Fig. 1 , we show the 15 N (Iϭ1/2) NMR spectra of ͑a͒ pure HfNCl and ͑b͒ Li-HfNCl obtained by the Fouriertransform technique of free-induction decay signals, together with ͑c͒ the expected powder line shapes ͑for details, see figure caption͒. Here, we assume that the principal axes of chemical shift and Knight shift K are the same and the total shift tensor ϩK is given by ( 1 ϩK 1 , 1 ϩK 1 , 3  ϩK 3 ) , where 2 1 ϩ 3 ϭ0 and 2K 1 ϩK 3 ϭ0. Since the honeycomb lattice has threefold rotational symmetry, we can apply the axial-symmetric model to the present materials. Here we should note that the linewidth for Li-HfNCl is very narrow in comparison with that for pure HfNCl. This means that the traceless anisotropic part of the chemical and Knight shift have opposite sign from each other.
The spectra for Li-HfNCl show the negative isotropic shift of K iso ϭϪ65 ppm with respect to the isotropic shift of the pure HfNCl indicating that the Knight shift at 15 N site is dominated by a core polarization-type contact hyperfine interaction where spins on the outer 2p shell polarize the inner s shells. Knight-shift tensors are extracted to be (K 1 ,K 2 ,K 3 )ϭ(35,35,Ϫ70) ppm ͑see caption of Fig. 1͒ . Also, the Knight-shift anisotropy indicates that a finite conduction-electron density exists at nitrogen p x and p y states. Actually, this is confirmed by the fact that the calculated K 1 cal ϳ33 ppm is consistent with the value, K 1 ϭ35 ppm, extracted experimentally. Here in calculation, we use the relation of
where N N (E F )ϳ0.035 states/͑eV spin f.u.͒, 6, 8, 7 N(E F ) ϳ0.25 ͑states/eV spin f.u.͒, 5 ͗1/r 3 ͘ϳ3.1/a B 3 , and s ϭ1.7 ϫ10 Ϫ5 emu/mol 5 are the partial Fermi-level density of states at nitrogen site, total Fermi-level density of states, nitrogen 2 p expectation value of 1/r 3 , and the Pauli susceptibility, respectively. The present result agrees well with the predictions from band-structure calculations that the conduction band has mixed Hf 5d xy , 5d x 2 Ϫy 2, and N 2p x , 2p y character. Thus, the nitrogen site should be relevant to the superconductivity.
In Fig. 2 
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That is, the observed shift in the normal state given by
ϩ(0)ϩ(Ϫ10)ϭϪ86 ppm at 4.2 K in the superconducting state for the spin-singlet state. 24 Here, we take into account the superconducting diamagnetic shift ␦ dia ϳϪ10 ppm extracted from the Cl-NMR for Hϳ94 kOe. 23 A good agreement between the calculation (Ϫ86 ppm) and observed value (ϳϪ88 ppm) provides direct evidence that the pairing symmetry is a even-parity spin singlet and that the nitrogen site is actually relevant to pair formation. Figure 3 shows the dc magnetic-susceptibility data measured at applied field of 5 G parallel to the oriented c axis for the field cooling of Li-Hf 14 NCl and Li-Hf 15 NCl. The data show clearly the occurrence of the Meissner shielding at the onset temperature of ϳ25.5 K and ϳ25.4 K for Li-Hf 14 NCl and Li-Hf 15 NCl, respectively. The plotted magnetization data are all normalized to unity at 4 K for easier comparison ͑see inset͒. The nitrogen isotope coefficient ␣ N was calculated to be ␣ N ϭ0.07Ϯ0.02, using a relation ␣ N ϭϪ(⌬ ln T c (N)/⌬ ln M N ). Here, T c 's were determined at the 5% level of the total Meissner effect in order to eliminate ambiguity arising from the shearing correction of demagnetizing field. For the calculation of ␣ N , no adjustment for the isotope exchange is necessary because the exchange is close to 100%. Other adjustments, e.g., hafnium, chlorine, lithium, proton, carbon, and oxygen atoms would be neglected, i.e., ␣ϳ␣ N ϭ0.07 because of following reasons: ͑1͒ Hf isotope exchange would bring about negligible isotope shift because of heavy mass itself. ͑2͒ As for other atoms, their partial Fermi-level density of states are almost nothing both from previous NMR studies 9, 23, 25 and band-structure calculations, [6] [7] [8] and it is difficult to imagine that any phonon branches by atoms outside the two-dimensional ͓HN͔ 2 superconducting layer cause such a high T c in the conventional phonon mechanism.
The obtained value of ␣ϳ0.07 is quite small and excludes the weak coupling case of ep Ͻ0.3 within the phonon mechanism 21 because ␣ becomes 0.5 using *ϳ0 in order to gain T c ϭ25.5 K. That is, the small isotope exponent of 0.07 implies a relatively large Coulomb repulsion; high T c involves this large Coulomb repulsion and then implies a large ep . 19 To check this, in Fig. 3͑b͒ we show T c , * vs ep curves using Eqs. ͑1͒ and ͑3͒ for ␣ϳ0.07. We found, however, that the observed T c cannot be reproduced for ͗ ph ͘/k B ϭ300 K, which is the upper limit among the conventional superconductors, except A 3 C 60 and MgB 2 .
19 Although the McMillan relation gives us underestimates of T c ͑40% of the exact solution from the strong coupling Eliashberg theory͒ in the extremely strong-coupling case, ep ӷ1, 19 we cannot explain such a high T c in the case of usual phonon frequency less than 300 K even if we take into account this correction.
Instead, we found that T c ϳ25.5 K can be reproduced by using the optical phonon of ͗ ph ͘/k B ϭ850 K (ϳ600 cm Ϫ1 ) for the strong-coupling case, same as MgB 2 or A 3 C 60 . However, the obtained parameters of *ϳ0.35 and ep ϳ1.35 seem to be quite extraordinary to realize the conventional phonon mediated superconductivity nevertheless. 5, 8 At present, the origin of the small isotope shift is still unclear and remains an open question. Actually, the recent tunneling spectroscopy experiments by Ekino et al. provided the Bardeen-Cooper-Schrieffer ͑BCS͒ ratio of 2⌬/k B T c ϳ5, 26 which is inconsistent with the theoretical prediction that the BCS ratio should be close to ϳ3.5 in the case of optical-phonon mechanism even for the strong electron-phonon coupling case. 27 Such discrepancies may be reconciled in such a context that the electronic structure of Li-HfNCl is rather two In summary, 15 N NMR measurements and the N-isotope effect studies were carried out on Li-doped HfNCl with T c ϳ25.5 K. The NMR measurements demonstrated that the pairing symmetry is an even-parity spin singlet, and that the nitrogen site plays an important role in the occurrence of superconductivity. The isotope effect studies revealed a quite small nitrogen isotope shift which is too small to explain the high T c ϳ25.5 K within the conventional BCS framework.
